In this study, the purification of an extract from Artemisia annua L. using chromatographic methods is studied. In a first step, a screening of different phases and solvents using thin-layer chromatography (TLC) was performed. Then, a laboratory-scale high performance liquid chromatography (HPLC) method was developed and transferred to a pilot scale. A reproducibility study based on 120 injections was carried out. The batch process that was developed and the results from a designed continuous simulated moving bed (SMB) chromatography were compared based on characteristic process numbers and economy.
Introduction
The demand for naturally derived pharmaceuticals continues to grow [1, 2] . Pharmaceuticals, in contrast to food supplements and natural plant protection agents from plant extracts, must be purified. One example is the anti-malaria agent artemisinin, which is extracted from Artemisia annua L. This agent is administered as a pure substance. Therefore, the plant extract must be purified to pharmaceutical grade. Previous studies have shown that the substance could be extracted by solid-liquid extraction (SLE) using percolation or pressurized hot water extraction (PHWE) [3] . Typically, the purification is performed by liquid-liquid extraction (LLE) (see Part II) chromatography and a final crystallization (see Part IV) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The entire study examines the production of artemisinin from plant extract to pilot scale and is divided into five parts: Figure 1 . Basic process design for plant-based substances (LLE, liquid-liquid extraction) [10] .
A description of the process shown above is given in (Part I). The structure of artemisinin is depicted in Figure 2 , whereas a detailed description of the target component is given in (Part I). [10] .
The purification of the annual mugwort extract after the capture step using LLE is shown in this study. A phase screening using thin-layer chromatography (TLC) was carried out. The most promising adsorbent-eluent combinations were transferred to a laboratory-scale column chromatography. After the selection of a suitable resin-eluent combination, experiments in pilot scale were conducted. Figure 3 shows the general approach to TLC. The sample and the reference substance were applied to the bottom of the plate. There are two characteristic factors to characterize the TLC chromatogram. The first is the retention factor Rf, which is the ratio from the substance S over the eluent front E. The second factor is the retention factor for a reference substance Rst. Both factors can be calculated with Equations (1) and (2) . Suitable Rf factors are approximately 0.3, but the more realistic retention factor for the estimation of the retention is the Rst value [13, 14] .
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A description of the process shown above is given in (Part I). The structure of artemisinin is depicted in Figure 2 , whereas a detailed description of the target component is given in (Part I).
Figure 1.
Basic process design for plant-based substances (LLE, liquid-liquid extraction) [10] .
The purification of the annual mugwort extract after the capture step using LLE is shown in this study. A phase screening using thin-layer chromatography (TLC) was carried out. The most promising adsorbent-eluent combinations were transferred to a laboratory-scale column chromatography. After the selection of a suitable resin-eluent combination, experiments in pilot scale were conducted. Figure 3 shows the general approach to TLC. The sample and the reference substance were applied to the bottom of the plate. There are two characteristic factors to characterize the TLC chromatogram. The first is the retention factor Rf, which is the ratio from the substance S over the eluent front E. The second factor is the retention factor for a reference substance Rst. Both factors can be calculated with Equations (1) and (2) . Suitable Rf factors are approximately 0.3, but the more realistic retention factor for the estimation of the retention is the Rst value [13, 14] . Figure 2 . Structure of artemisinin [10] .
The purification of the annual mugwort extract after the capture step using LLE is shown in this study. A phase screening using thin-layer chromatography (TLC) was carried out. The most promising adsorbent-eluent combinations were transferred to a laboratory-scale column chromatography. After the selection of a suitable resin-eluent combination, experiments in pilot scale were conducted. Figure 3 shows the general approach to TLC. The sample and the reference substance were applied to the bottom of the plate. There are two characteristic factors to characterize the TLC chromatogram. The first is the retention factor R f , which is the ratio from the substance S over the eluent front E. The second factor is the retention factor for a reference substance R st . Both factors can be calculated with Equations (1) and (2) . Suitable R f factors are approximately 0.3, but the more realistic retention factor for the estimation of the retention is the R st value [13, 14] . In the second screening experiment, the possible eluent compositions were transferred to high performance liquid chromatography (HPLC) columns. To characterize the separation, the capacity factor was investigated (Equation (3)).
The purification studies of artemisinin found in the literature can be split into two different fields of interest. The first is the separation of artemisinin from reaction mixtures. In this case, the reaction mixture can be separated (purified) by a simulated moving bed chromatography (SMB) [15, 16] . The second field is the purification of the plant extract from Artemisia annua L. Based on this extract, different chromatographic purification strategies are available. One is the purification of the extract using a solid-liquid extraction (SLE). Most of the studies perform a chromatographic purification followed by a crystallization step [17] [18] [19] [20] . Moreover, the pre-purification using crystallization followed by a final chromatographic step is possible [21, 22] .
For this study, the feasibility of plant extract purification using SMB processes should also be investigated. For this work, the classical 4-zone SMB process was chosen. For this process design, the volumetric flow ratios mi in the four zones were used [23] [24] [25] [26] [27] [28] .
For the SMB design, the triangle diagram approach was used (see [29] ). In addition, because of the variety of components, a SMB process without eluent regeneration was investigated. In that SMB, only three zones were used and the entire recycle stream was collected in the raffinate stream. The schematic 4-zone and 3-zone SMB processes are shown in Figure 4 . In the second screening experiment, the possible eluent compositions were transferred to high performance liquid chromatography (HPLC) columns. To characterize the separation, the capacity factor was investigated (Equation (3)).
For this study, the feasibility of plant extract purification using SMB processes should also be investigated. For this work, the classical 4-zone SMB process was chosen. For this process design, the volumetric flow ratios m i in the four zones were used [23] [24] [25] [26] [27] [28] .
For the SMB design, the triangle diagram approach was used (see [29] ). In addition, because of the variety of components, a SMB process without eluent regeneration was investigated. In that SMB, only three zones were used and the entire recycle stream was collected in the raffinate stream. The schematic 4-zone and 3-zone SMB processes are shown in Figure 4 . . Schematic process setup for the 4-zone simulated moving bed (SMB) and the reduced 3-zone SMB (acc. to [30] [31] [32] ).
Materials and Methods

Chemicals
Acetonitrile, n-heptane, isopropyl alcohol (IPA) in analytical grade (VWR ® , Darmstadt, Germany), and water (Sartorius ® arium ® pro, Göttingen, Germany) were used as eluents. The experiments with buffer were carried out in 20 mM NaPi Buffer at pH 7.0. For the experiments in the preparative scale, technical grade ethyl acetate and n-hexane (VWR ® , Darmstadt, Germany) were used. All other eluents and salts were obtained from Merck KGaA (Darmstadt, Germany) in analytical grade.
Artemisinin standard substance was ordered from CfM Oskar Tropitzsch (Marktredwitz, Germany). For the detection of the artemisinin on the TLC plates, a vanillin-phosphoric acid reagent was used, which consisted of 1 g vanillin (Alfa Aesar, Karlsruhe, Germany), 25 mL ethanol (Merck KGaA, Darmstadt, Germany), 25 mL water (Sartorius ® arium ® pro, Göttingen, Germany), and 35 mL phosphoric acid (Merck KGaA, Darmstadt, Germany).
Feed Material for Chromatographic Measurements
For the chromatographic method development, a pre-purified plant extract was used. To obtain this extract, a solid-liquid extraction (SLE) from mugwort (Artemisia annua L.) using acetone was carried out. A detailed method description of the extraction is given in Sixt et al. [3] and of the extraction with clarification in (Part I). After the SLE, a two-step liquid-liquid extraction (LLE) using extraction columns was carried out. A detailed description has been published by Schmidt et al. (see Part II). The solvents of the raffinate from the second extraction column were completely removed using a rotary evaporator (IKA ® -Werke GmbH & Co. KG, Staufen, Germany). The dry extract was dissolved in the eluent composition used in the chromatographic system. The feed concentration was adjusted to 4 g/L and a purity of 84%.
TLC Screening
The TLC screening was performed using ALUGRAM ® Nano-Sil CN/UV (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany), TLC silica gel 60 RP-18 F254S, and TLC silica gel 60 F254S (Merck KGaA, Darmstadt, Germany). After conditioning in air, 0.5 µ L of the sample and the standard were pipetted onto the TLC plate, respectively. The TLC plates were brought into contact with the solvent. After the separation was complete, the TLC plates were analyzed by ultra violet (UV) detection (254 nm and 366 nm) and by vanillin-phosphoric acid reagent in the visible (VIS) spectrum. The dried TLC 
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Chemicals
Feed Material for Chromatographic Measurements
TLC Screening
The TLC screening was performed using ALUGRAM ® Nano-Sil CN/UV (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany), TLC silica gel 60 RP-18 F 254S , and TLC silica gel 60 F 254S (Merck KGaA, Darmstadt, Germany). After conditioning in air, 0.5 µL of the sample and the standard were pipetted onto the TLC plate, respectively. The TLC plates were brought into contact with the solvent. After the separation was complete, the TLC plates were analyzed by ultra violet (UV) detection (254 nm and 366 nm) and by vanillin-phosphoric acid reagent in the visible (VIS) spectrum. The dried TLC plates were dipped into the reagent and then heated up to 120-160 • C. This method was based on Jork et al. [33] .
HPLC Columns
The column screening was performed by HPLC using an Elite LaChrom ® system. The columns used were LiChrospher ® 300 CN 250 mm × 4 mm inner diameter (i.d)., PharmPrep ® P100 RP-18e 250 mm × 4.6 mm i.d., and LiChrospher ® Si 60 250 mm × 4 mm i.d. All columns were obtained from Merck KGaA (Darmstadt, Germany). The volumetric flow rate was 1 mL/min. For the screening, an overview gradient was used. In this method, a 5 column volume (CV) wash step was carried out followed by a 10 CV linear gradient.
The preparative experiments were carried out using a self-packed Superformance ® 600-16 column (Götec-Labortechnik GmbH, Bickenbach, Germany) packed with LiChroprep ® Si 60 (Merck KGaA, Darmstadt, Germany). The columns were packed to a bed high of 10 cm. The volumetric flow rate was 6.6 mL/min.
Analytics
The analysis of artemisinin was performed by HPLC using an Elite LaChrom ® device equipped with an evaporation light scattering detector (ELSD) Alltech ® 3300 (Grace ® , Columbia, SC, USA). The analytical column was a PharmPrep ® RP18 250 mm × 4 mm i.d. by Merck ® (Merck KGaA, Darmstadt, Germany) operated at 25 • C. The eluents were acetonitrile (VWR ® , Darmstadt, Germany) and water (Sartorius ® arium ® pro, Göttingen, Germany) 60/40 in isocratic mode at 1 mL/min flow. The injection volume was 10 µL and all samples were passed through a 0.2 µm syringe filter. The evaporator temperature of the ELSD was set to 36 • C and the air flow was 1.6 mL/min. Calibration was performed with an external standard ordered from CfM Oskar Tropitzsch (Marktredwitz, Germany) over a range from 1 g/L to 0.001 g/L. The basis of the HPLC analysis protocol can be found in Lapkin et al. [34] . It was slightly modified to fit the setup used in this study.
For the H-NMR analytics, a Bruker AVANCE III 600 MHz spectrometer (Bruker, Rheinstetten, Germany) was used. It was equipped with a broadband observe probe head with z-gradient. The samples were completely evaporated to dryness using a rotary evaporator (IKA ® -Werke GmbH & Co. KG, Staufen, Germany). The final analyte was then dissolved in deuterated benzene (C 6 D 6 ) for measurement.
Devices and Instruments
The experimental setup consisted of a standard VWR ® -Hitachi LaChrom Elite ® HPLC system (VWR ® , Darmstadt, Germany) with a quaternary gradient pump L2130, Autosampler L-2200, and diode detector L-2455.
The preparative setup consisted of two pumps, namely, LaPrep P110 and LaPrep P314 UV detector (VWR ® , Darmstadt, Germany), a Smartline Autosampler 3950 (Knauer Wissenschaftliche Geräte GmbH, Berlin, Germany), and a fraction collector LABOCOL Vario-2000 (LABOMATIC Instruments GmbH, Allschwil, Switzerland).
The rotary evaporator consisted of an RV 10 control V-C Set (IKA ® -Werke GmbH & Co. KG, Staufen, Germany) and a VARIO ® PC 3000 series vacuum pump (VACUUBRAND GmbH & Co. KG, Wertheim, Germany).
Results and Discussion
Purification of artemisinin is of great interest for use as a pharmaceutical anti-malaria agent. A cost-efficient and productive purification process is needed which can achieve the required purity for a pharmaceutical product.
For the process development, a TLC screening was carried out in a first step. The solvents used for this screening and the corresponding TLC phase are shown in Table 1 . 
TLC Screening of Different Phases and Solvents
The analysis of the TLC experiments was carried out with UV detection at 254 nm and 366 nm. Additionally, the vanillin-phosphoric acid reagent was used and evaluated under VIS light. Steroids, cucurbitacins, and triterpenes were labeled with this reagent. Figure 5 shows one TLC plate as an example with the three different detection methods. This figure shows that a good visualization of the artemisinin with the reagent can be achieved (the orange component at R f~0 .8). In order to detect different molecular species, detection by UV radiation was also used.
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The analysis of the TLC experiments was carried out with UV detection at 254 nm and 366 nm. Additionally, the vanillin-phosphoric acid reagent was used and evaluated under VIS light. Steroids, cucurbitacins, and triterpenes were labeled with this reagent. Figure 5 shows one TLC plate as an example with the three different detection methods. This figure shows that a good visualization of the artemisinin with the reagent can be achieved (the orange component at Rf ~ 0.8). In order to detect different molecular species, detection by UV radiation was also used. In Figure 6 , three chromatograms of the cyano (CN) plate are shown. In Figure 6a , a run with 70 vol % ethanol and 30 vol % water was carried out. Figure 6b shows a run with 50 vol % acetonitrile and 50 vol % water, and Figure 6c shows a run with 70 vol % acetone and 30 vol % water. In the first two chromatograms, a good separation was achieved. Furthermore, the run with ethanol and water showed that the Rf value of the artemisinin was higher than in the other chromatograms. Figure 6c shows a run with a bad separation. In Figure 6 , three chromatograms of the cyano (CN) plate are shown. In Figure 6a , a run with 70 vol % ethanol and 30 vol % water was carried out. Figure 6b shows a run with 50 vol % acetonitrile and 50 vol % water, and Figure 6c shows a run with 70 vol % acetone and 30 vol % water. In the first two chromatograms, a good separation was achieved. Furthermore, the run with ethanol and water showed that the R f value of the artemisinin was higher than in the other chromatograms. 
HPLC Screening
An overview of the solvents used in the HPLC screening is shown in Table 2 . The dimensions of the columns used in this section can be seen in Section 2.4. The TLC experiments point out that the most promising eluent for the cyano stationary phase is a combination of water and acetonitrile. In first column experiments, it was shown that the affinity of the artemisinin in water was too low to bind on the stationary phase. Because of this, a buffer system was used to increase the polarity of the loading eluent. The chromatograms of three different standard solutions are shown in Figure 7 . This figure demonstrates that the artemisinin binds to the column and elutes at approximately 27 min. In this method, a 5 CV wash step was carried out followed by a 10 CV gradient from 100 vol % buffer to 95/5 vol % acetonitrile/methanol. The modification with methanol increased the separation performance. 
An overview of the solvents used in the HPLC screening is shown in Table 2 . The dimensions of the columns used in this section can be seen in Section 2.4. Table 2 . Solvents used for the high performance liquid chromatography (HPLC) Screening.
Column Solvents
LiChrospher 300 CN Acetone, acetonitrile, ethanol, methanol, water, phosphate buffer PharmaPrep P100 RP-18e
Acetone, acetonitrile, butyl acetate, ethanol, n-hexane, water LiChrospher Si60
Butyl acetate, ethyl acetate, ethanol, isopropyl alcohol, n-hexane, n-heptane, toluene
Column Experiments with Cyano Columns
The TLC experiments point out that the most promising eluent for the cyano stationary phase is a combination of water and acetonitrile. In first column experiments, it was shown that the affinity of the artemisinin in water was too low to bind on the stationary phase. Because of this, a buffer system was used to increase the polarity of the loading eluent. The chromatograms of three different standard solutions are shown in Figure 7 . This figure demonstrates that the artemisinin binds to the column and elutes at approximately 27 min. In this method, a 5 CV wash step was carried out followed by a 10 CV gradient from 100 vol % buffer to 95/5 vol % acetonitrile/methanol. The modification with methanol increased the separation performance.
Processes The chromatogram in Figure 7shows that artemisinin can be separated by the cyano stationary phase. The solubility of artemisinin in some selected eluents is summarized in Table 3 . This table shows that the solubility of the target compound in water is very low. Because of this result, the combination of artemisinin and water, more specifically the buffer, was not further investigated. a Ambient temperature not defined in the original paper. The chromatogram in Figure 7 shows that artemisinin can be separated by the cyano stationary phase. The solubility of artemisinin in some selected eluents is summarized in Table 3 . This table shows that the solubility of the target compound in water is very low. Because of this result, the combination of artemisinin and water, more specifically the buffer, was not further investigated. A very high solubility of artemisinin was given in acetone or acetonitrile. Acetonitrile provided many disadvantages like high toxicity and a low boiling point, leading to high security measures and making it an economically irrational solvent. Moreover, an inline detection using UV-VIS spectra was required, and acetone is therefore not an option as well. 
Column Experiments with Normal Phase Columns
Because of the low solubility of artemisinin in water, experiments with normal phase (NP) stationary phases were carried out. Table 4 summarizes some of the results of this screening. This table shows a high potential of n-hexane and ethyl acetate as solvents for the separation on NP chromatographic resin. To verify this result, further investigations were performed.
The chromatograms of the isocratic runs with 15 vol % and 10 vol % ethyl acetate are shown in Figure 8 . In these chromatograms, a shift of side component (SC) 2 and artemisinin can be seen. The examination of the dependency between solvent composition and retention time is depicted in Figure 9 . The corresponding chromatograms for the measurement of the retention times at 5 vol %, 20 vol % and 30 vol % ethyl acetate are not given in this publication. The solubility of the artemisinin at the chosen ethyl acetate/n-hexane ratio is taken from Malwade et al. [19] . A gradient method would push the artemisinin and the SC2 component together into one peak because these two components will change their elution order. This has been validated by experiments (chromatograms not shown). Based on the solubility of artemisinin which should be greater than 8 g/L, the selectivity and the method duration, a composition of the eluent consisting of 15 vol % ethyl acetate and 85 vol % n-hexane was chosen. An eluent composition with less ethyl experiments (chromatograms not shown). Based on the solubility of artemisinin which should be greater than 8 g/L, the selectivity and the method duration, a composition of the eluent consisting of 15 vol % ethyl acetate and 85 vol % n-hexane was chosen. An eluent composition with less ethyl acetate will lead to a lower solubility and a significant increase in the retention time. This will also lead to an increase in the method duration and, based on this, to a reduction in productivity. A gradient method would push the artemisinin and the SC2 component together into one peak because these two components will change their elution order. This has been validated by experiments (chromatograms not shown). Based on the solubility of artemisinin which should be greater than 8 g/L, the selectivity and the method duration, a composition of the eluent consisting of 15 vol % ethyl acetate and 85 vol % n-hexane was chosen. An eluent composition with less ethyl acetate will lead to a lower solubility and a significant increase in the retention time. This will also lead to an increase in the method duration and, based on this, to a reduction in productivity.
Preparative Experiments
Loading Experiments
The first step of scale-up to the preparative scale involved loading experiments to determine the optimal loading conditions. Therefore, loadings with 1 mL, 5 mL, and 10 mL of the extract were performed, respectively. Additionally, a chromatogram with the reference substance was run for comparison. These chromatograms are described in Figure 10 . The first step of scale-up to the preparative scale involved loading experiments to determine the optimal loading conditions. Therefore, loadings with 1 mL, 5 mL, and 10 mL of the extract were performed, respectively. Additionally, a chromatogram with the reference substance was run for comparison. These chromatograms are described in Figure 10 . An injection of 10 mL was repeated several times and different fraction widths were pooled. After this test, two fractionations, namely, one with 4 mL loading and the second with 25 mL loading, were carried out. The results of these fractionations are shown in Figure 11 . In the chromatogram with the 4 mL loading (see Figure 11a) , an overlapping of the artemisinin peak and other peaks can be seen. In Figure 11b , it can be seen that the artemisinin is completely overlapped by other components. An injection of 10 mL was repeated several times and different fraction widths were pooled. After this test, two fractionations, namely, one with 4 mL loading and the second with 25 mL loading, were carried out. The results of these fractionations are shown in Figure 11 . In the chromatogram with the 4 mL loading (see Figure 11a) , an overlapping of the artemisinin peak and other peaks can be seen. In Figure 11b , it can be seen that the artemisinin is completely overlapped by other components. An injection of 10 mL was repeated several times and different fraction widths were pooled. After this test, two fractionations, namely, one with 4 mL loading and the second with 25 mL loading, were carried out. The results of these fractionations are shown in Figure 11 . In the chromatogram with the 4 mL loading (see Figure 11a) , an overlapping of the artemisinin peak and other peaks can be seen. In Figure 11b , it can be seen that the artemisinin is completely overlapped by other components. The product fractions should have a purity of over 97%. The resulting yield, purity, and the corresponding productivities are shown in Table 5 . The fractionations prove that the yield decreased from 97.8% at a loading of 4 mL to 93.8% at an injection volume of 25 mL, but that at the same time the productivity increased from 44.9 g·L ads −1 ·d −1 to 161.4 g·L ads −1 ·d −1 . An injection volume of 10 mL was chosen for the following experiments. A yield of over 96% with a purity of nearly 98% was reached with this loading. At the given parameters, a productivity of 110.8 g·L −1 ·d −1 was achieved.
Process Stability
In a next step, process stability was investigated, an aspect which is important for the manufacturing operation in the pharmaceutical industry. Therefore, 120 runs were carried out. For the product fraction, the cut points from fractionation studies were chosen, which had been determined earlier. The product fraction should have a purity >97% and a yield >80%. In Figure 12 , all 120 runs are shown as chromatograms. In this figure, a displacement of the SC2 peak (side component peak no. 2 at approximately 12 min retention time) can be seen. To specify this displacement, the first moment from 10 to 15 min is shown in Figure 13a . When the deviation of the first moments of the chromatograms exceed 5% compared to the starting run, the column should be replaced, or cleaned and regenerated. In this experiment, this point was reached after 61 runs. At run 62, a new column was used. The cut points for the product fractions had to be adapted because of this replacement. The yield of each fraction can be seen in Figure 13b . Between some runs (e.g., between run 28 und 29), the cut points were adapted, which resulted in a significantly increased yield.
In Figure 12 , all 120 runs are shown as chromatograms. In this figure, a displacement of the SC2 peak (side component peak no. 2 at approximately 12 min retention time) can be seen. To specify this displacement, the first moment from 10 to 15 min is shown in Figure 13a . When the deviation of the first moments of the chromatograms exceed 5% compared to the starting run, the column should be replaced, or cleaned and regenerated. In this experiment, this point was reached after 61 runs. At run 62, a new column was used. The cut points for the product fractions had to be adapted because of this replacement. The yield of each fraction can be seen in Figure 13b . Between some runs (e.g., between run 28 und 29), the cut points were adapted, which resulted in a significantly increased yield. Figure 12 . Chromatograms of the 120 runs with an injection volume of 10 mL at 254 nm.
In Figure 13b , the runs which were out of the specification are highlighted as red dots. The runs which were within specification have an average yield of 93.9% at a purity of >99%. All the runs, which were out of specification, had a yield of under 80% because of the displacement of the components. Because of the high purity, the red dotted runs could be used although the yield was under the 80% threshold. With this, an overall yield of 91.9% from all 120 runs was achieved. 
SMB Design
To increase productivity and lower purification costs, a continuous separation of the artemisinin should be developed [40] . This process will be designed based on the developed batch process [41] . The SMB separation requires a binary split of the components, which was chosen in front of the artemisinin peak (see Figure 14) . For the separation, some key components were defined. The first key component was the component which eluted first (SC0). The second key component eluted in front of the target component (SC1). The next component was the artemisinin. Finally, the SC2 component had the highest interaction with the stationary phase. In SMB chromatography separation, the raffinate should contain the impurities between SC0 and SC1 [30, 42] . The extract should contain artemisinin and SC2. Despite the significant peak of SC2, the extract fractions provided a purity of over 99%. This could also be shown in a hydrogen-nuclear magnetic resonance (H-NMR) analysis of the SC2 peak. From these observations, it can be concluded that the SC2 component had a very high extinction coefficient but a low concentration. Because of this, the extract which contained all the artemisinin and the complete mass of SC2 achieved a purity higher than 99%. In Figure 13b , the runs which were out of the specification are highlighted as red dots. The runs which were within specification have an average yield of 93.9% at a purity of >99%. All the runs, which were out of specification, had a yield of under 80% because of the displacement of the components. Because of the high purity, the red dotted runs could be used although the yield was under the 80% threshold. With this, an overall yield of 91.9% from all 120 runs was achieved.
To increase productivity and lower purification costs, a continuous separation of the artemisinin should be developed [40] . This process will be designed based on the developed batch process [41] . The SMB separation requires a binary split of the components, which was chosen in front of the artemisinin peak (see Figure 14) . For the separation, some key components were defined. The first key component was the component which eluted first (SC0). The second key component eluted in front of the target component (SC1). The next component was the artemisinin. Finally, the SC2 component had the highest interaction with the stationary phase. In SMB chromatography separation, the raffinate should contain the impurities between SC0 and SC1 [30, 42] . The extract should contain artemisinin and SC2. Despite the significant peak of SC2, the extract fractions provided a purity of over 99%. This could also be shown in a hydrogen-nuclear magnetic resonance (H-NMR) analysis of the SC2 peak. From these observations, it can be concluded that the SC2 component had a very high extinction coefficient but a low concentration. Because of this, the extract which contained all the artemisinin and the complete mass of SC2 achieved a purity higher than 99%. separation, the raffinate should contain the impurities between SC0 and SC1 [30, 42] . The extract should contain artemisinin and SC2. Despite the significant peak of SC2, the extract fractions provided a purity of over 99%. This could also be shown in a hydrogen-nuclear magnetic resonance (H-NMR) analysis of the SC2 peak. From these observations, it can be concluded that the SC2 component had a very high extinction coefficient but a low concentration. Because of this, the extract which contained all the artemisinin and the complete mass of SC2 achieved a purity higher than 99%. Established isotherm determination methods like frontal analysis or the perturbation method are not feasible for this feed composition because of the high number of different components [43] . To design SMB chromatography processes and operation points, the Henry coefficients are determined first experimentally. Therefore, a low concentrated injection was carried out. This approach should lead to linear isotherms for the SMB chromatography step that was used.
The split of the SMB separation was between SC1 and the artemisinin. Because of this, the Henry coefficients of SC1 and artemisinin were used to calculate the triangle operation region of the Established isotherm determination methods like frontal analysis or the perturbation method are not feasible for this feed composition because of the high number of different components [43] . To design SMB chromatography processes and operation points, the Henry coefficients are determined first experimentally. Therefore, a low concentrated injection was carried out. This approach should lead to linear isotherms for the SMB chromatography step that was used.
The split of the SMB separation was between SC1 and the artemisinin. Because of this, the Henry coefficients of SC1 and artemisinin were used to calculate the triangle operation region of the maximal feed flow. Normally, the same coefficients are used for the regeneration area, however in this case there were more than two components relevant for the process design. For the regeneration of the eluent (the fourth zone), none of the fastest moving components should be allowed to leave this zone. In our case, this was the SC0 impurity, which eluted with the dead volume, so the m 4 had to be less than zero. The lower boundary was −4.6 due to the zero volumetric flow in zone 4.
For the regeneration of the stationary phase, which was the first zone, all the bound components had to elute out of this zone. The component with the greatest interaction, which was SC2, was selected. The flow ratio of the first zone (m 1 ) had to be more than 16.2. The upper limit was given by the maximum linear flow rate. The measured Henry coefficients with the resulting separation triangle, including the regeneration area for the 4-zone SMB, are shown in Figure 15 . At the left side, there is the separation triangle (dark blue) and in the bottom right corner is the regeneration area (light blue). maximal feed flow. Normally, the same coefficients are used for the regeneration area, however in this case there were more than two components relevant for the process design. For the regeneration of the eluent (the fourth zone), none of the fastest moving components should be allowed to leave this zone. In our case, this was the SC0 impurity, which eluted with the dead volume, so the m4 had to be less than zero. The lower boundary was −4.6 due to the zero volumetric flow in zone 4. For the regeneration of the stationary phase, which was the first zone, all the bound components had to elute out of this zone. The component with the greatest interaction, which was SC2, was selected. The flow ratio of the first zone (m1) had to be more than 16.2. The upper limit was given by the maximum linear flow rate. The measured Henry coefficients with the resulting separation triangle, including the regeneration area for the 4-zone SMB, are shown in Figure 15 . At the left side, there is the separation triangle (dark blue) and in the bottom right corner is the regeneration area (light blue). The resulting process parameters are shown in Table 6 . For the batch process, overall yield and purity of the 120 runs performed were considered. Table 6 . Comparison of the process parameters for the batch process, the 3-zone SMB as well as the 4-zone SMB.
Parameter
Batch Process 4-Zone SMB 3-Zone SMB The resulting process parameters are shown in Table 6 . For the batch process, overall yield and purity of the 120 runs performed were considered. In this table, it can be seen that the purity of all three separation processes is the same. In contradiction to the purity, the yields of the different SMB processes are higher compared to the batch process. At the same time, productivity can be increased. Because of the reduction of the fourth zone, productivity can be further increased. Due to the use of the SMB process, the eluent consumption can be reduced. In comparison between the 4-and the 3-zone SMB, no regeneration of eluent was carried out and the entire recycle flux was moved out of the system with the raffinate stream. Because of this, the eluent consumption was higher than in a 4-zone SMB process.
Due to the increase of productivity, column dimensions can be reduced. To produce about three tons of artemisinin per year, the column dimensions for batch processes are approximately 70 cm for the inner diameter. In case of the SMB process, the same product was purified with 3 or 4 columns with 20 cm i.d., respectively. The heights of the columns were equal. Based on the process parameters of the three processes investigated, the best purification step cannot be identified a priori. In the case of a process, where the adsorbent media costs dominate the overall costs, the 3-zone SMB would be the best choice. In case of high eluent costs, 4-zone SMB would be more efficient, because of the eluent regeneration. For a final analysis, the production costs of the three processes was compared.
The cost distribution is shown in Figure 16 . In the diagram of the batch process, it can be seen that the eluent consumption dominates the purification costs. Cost distribution of the SMB processes is dominated by about half of the costs generated by the amortization of the plant equipment investment cost. Approximately the other half results from the eluent consumption. Due to the high percentage of the plant investment amortization, there is a potential to lower the purification costs through the economy of scale effect. In conclusion, a purification using the batch process results in specific costs of 0.47 €/g artemisinin compared to 0.45 €/g artemisinin in the 3-zone SMB and 0.40 €/g artemisinin in the 4-zone SMB process. In the stage of process development and design which is used in this article, no significant difference is shwon. the best choice. In case of high eluent costs, 4-zone SMB would be more efficient, because of the eluent regeneration. For a final analysis, the production costs of the three processes was compared. The cost distribution is shown in Figure 16 . In the diagram of the batch process, it can be seen that the eluent consumption dominates the purification costs. Cost distribution of the SMB processes is dominated by about half of the costs generated by the amortization of the plant equipment investment cost. Approximately the other half results from the eluent consumption. Due to the high percentage of the plant investment amortization, there is a potential to lower the purification costs through the economy of scale effect. In conclusion, a purification using the batch process results in specific costs of 0.47 €/gartemisinin compared to 0.45 €/gartemisinin in the 3-zone SMB and 0.40 €/gartemisinin in the 4-zone SMB process. In the stage of process development and design which is used in this article, no significant difference is shwon. 
Conclusions
The purification of artemisinin by chromatography is possible with a batch process as well as an SMB process. The artemisinin used for the chromatography purification was pre-purified by precipitation followed by liquid-liquid extraction. A detailed description of the LLE method 
The purification of artemisinin by chromatography is possible with a batch process as well as an SMB process. The artemisinin used for the chromatography purification was pre-purified by precipitation followed by liquid-liquid extraction. A detailed description of the LLE method development is given in (Part II). The application of SMB technology is also possible either in a classical 4-zone SMB or the modified 3-zone SMB. In all three cases, an isocratic separation using a mixture of 85 vol % n-hexane and 15 vol % ethyl acetate on a normal phase column packing was used.
Compared to the batch process, the productivity could be increased by a factor of 1.7 and the eluent consumption could be reduced by a factor of 1.5 in the case of the 4-zone SMB. A 3-zone SMB setup increases productivity by a factor of 2.3 but reduces eluent consumption only by a factor of 1.3. By all three chromatography process alternatives designed, the artemisinin purity could be enriched from 84% initially to over 99%. The cost estimation analysis shows that the purification costs of SMB and the batch process are very similar. If higher production amounts would be needed for the marketing of anti-malaria drugs, an SMB chromatography process operation has the highest potential because the purification costs are dominated by the investment costs, which decrease relatively with economy of scale. In the next part (Part IV), a formulation as well as a purification using crystallization will be discussed. 
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